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A facile approach using click chemistry is demonstrated for immobilization of metalloporphyrins
onto the surface of silica-coated iron oxide particles. Oleic-acid stabilized iron oxide nanocrystals
were prepared by thermal decomposition of iron(III) acetylacetonate. Their crystallinity,
morphology, and superparamagnetism were determined using X-ray diffraction, transmission
electron microscopy, and a superconducting quantum interference device. Monodisperse core–
shell particles were produced in the silica-coating of iron oxide via microemulsion synthesis.
Surface modification of these particles was performed in two steps, which included the reaction of
silica-coated iron oxide particles with 3-bromopropyltrichlorosilane, followed by azidofunctionalization with sodium azide. Monoalkylated porphyrins were prepared using the
Williamson ether synthesis of commercially available tetra(4-hydroxyphenyl) porphyrin with
propargyl bromide in the presence of a base. 1H NMR and matrix-assisted laser desorption
ionization confirmed the identity of the compounds. The prepared monoalkyne porphyrins were
zinc-metalated prior to their introduction to azide-functionalized, silica-coated iron oxide particles
in the click reaction. X-ray photoelectron spectroscopy, thermogravimetric analysis, and Fourier
transform infrared spectroscopy were used to characterize the surface chemistry after each step in
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the reaction. In addition, particle size was determined using dynamic light scattering and
microscopy. The presented methodology is versatile and can be extended to other photoreactive
systems, such as phthalocyanines and boron-dipyrromethane, which may lead to new materials for
optical, photonic, and biological applications.
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INTRODUCTION

Author Manuscript

Free-base and metalloporphyrins are well known for exhibiting extraordinary photo- and
1
electrochemical properties. As noted elsewhere, these properties are useful in applications
2
3 5
ranging from photodynamic therapy to catalysis. – However, inherent drawbacks of these
homogeneous systems involve their susceptibility to oxidative self-destruction and
6
aggregation. These phenomena occur when the macrocycles spontaneously self-assemble
7
through noncovalent interactions, forming oligomers and/or dimers. Using nanotechnologybased strategies, such issues can be overcome via immobilization of porphyrins onto
8
supports. In previous studies, this approach was demonstrated by loading or chemically
9
binding metalloporphyrins onto various types of scaffolds, including polymers, carbon
10
11 12
13 14
nanotubes, zeolites, , and clays. ,
56

According to recent observations, , in comparison to nonsupported metalloporphyrins,
metalloporphyrin-bound composites display increased stability and selectivity, as well as
improved recovery. Generally, inorganic materials are the solid support of choice, due to
their robustness and efficiency in inhibiting deactivation of photoactive compounds.
Inorganic supports also possess higher mechanical strength and minimal swelling in aqueous
6
or organic solvents, which prevents metalloporphyrins from leaching. In particular, silica is
often used as a result of its excellent stability and versatility for covalent attachment of
various functional groups.

Author Manuscript

Over the past decade, the combination of organic catalysts attached to magnetic composite
particles has shown much promise for useful applications, providing high catalytic activity,
15
16 18
easy magnetic recovery and recyclability. – These desirable characteristics also make
the catalysts more cost-effective, which broadens their practical use. In a recent report,
4
Saeedi and co-workers demonstrated the highly efficient oxidative properties, facile
magnetic recovery and reuse of tetraphenylporphyrinatomanganese(III) chloride tethered to
imidazole-bound magnetic silica-coated iron oxide (Fe3O4) particles via axial ligation. Liu
19
et al. describe the synthesis of magnetic nanocomposite-bound metalloporphyrins via
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silanation between 3-aminopropyltriethoxysilane-derivatized metalloporphyrin carboxylic
acids and silica-coated Fe3O4 nanoparticles. According to their study, in relation to other
immobilization methods, the reaction was easier to perform and yielded robust composites
19
with superior catalytic efficiency. A noted limitation and crucial disadvantage of this
procedure is that silane-containing metalloporphyrins may undergo self-condensation,
producing unwanted polymeric species during the silanation process. Therefore, it is
necessary to devise a more straightforward and selective method for preparing magnetic
nanocomposite-bound metalloporphyrins.
20

Author Manuscript

Herein, a facile approach using Huisgen 1,3-dipolar cycloaddition, commonly known as
21 22
“click” chemistry, , is introduced as an alternative method for metalloporphyrin
immobilization onto the surface of magnetic silica particles. While eliminating the
likelihood of self-condensation, this synthetic strategy gives very high yields, generates only
inoffensive byproducts that can be removed by nonchromatographic methods, and is
23
stereoselective. Also, click chemistry tolerates a variety of functional groups, and is a very
rapid reaction. In contrast to random amide formation, click reactions provide site-specific
24
immobilization, as well as higher binding activity. Overall, this approach is very practical
and can be performed under mild reaction conditions in various solvents. In a related report,
25
McDonald et al. show the click coupling efficiency of alkyne-functionalized
metalloporphyrins to azide-functionalized silica substrates. Until now, no previous studies
have exploited the advantages of click chemistry to immobilize metalloporphyrins directly
onto the surface of spherical, magnetic silica nanoparticles. The present work discusses this
preparation, as well as the step-by-step characterization of these superparamagnetic
composite-bound catalysts. Some of the findings reported below have appeared in
1
preliminary form.

Author Manuscript

MATERIALS AND METHODS
Materials

Author Manuscript

Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), hydrogen bromide (HBr, 33%
solution on acetic acid), dichloromethane (DCM), tetraethylorthosilicate (TEOS), CuBr
(99%), N,N′,N′,N″-pentamethyldiethylenetriamine (PMDETA) (99%), dry tetrahydrofuran
(THF). 1,2-Hexadecanediol (97%), oleic acid (90%), oleylamine (>70%), and
polyethylenimine (anhydrous, average Mw ca. 25 000) were purchased from Aldrich.
Iron(III) acetylacetonates, Fe(acac)3, was purchased from Strem Chemicals, Inc. (3Bromopropyl)trichlorosilane was purchased from Gelest. All other reagent grade chemicals
were used as is without further purification. Analytical thin-layer-chromatography (TLC)
was performed on polyester-backed TLC plates 254 (precoated, 200 µm, Sorbent
Technologies) and silica gel 60 (70–230 mesh, Merk) was used for column
chromatography. 1H NMR and 13C NMR spectra were obtained using a Bruker AV-4 400
MHz; chemical shifts are expressed in ppm relative to (CD3)2CO (2.05 ppm, 1H and 29.84
and 206.26 ppm, 13C). Mass analyses were conducted at the LSU Mass Spectrometry
Facility, on a Bruker Omniflex MALDI-TOF mass spectrometer.
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Synthesis of Fe3O4 Nanoparticles—A mixture of Fe(acac)3 (0.706 g, 2 mmol), 1,2hexadecanediol (2.58 g, 10 mmol), oleic acid (1.89 mL, 6 mmol), oleylamine (1.97 mL, 6
mmol), and phenyl ether (20 mL) was prepared and magnetically stirred under argon. This
solution was heated to 200 °C for 2 h, followed by reflux (~260 °C) for 1 h. The resulting
black mixture was allowed to cool to room temperature. Under ambient conditions, ethanol
(40 mL) was added to the reaction mixture, forming a black precipitate which was separated
by centrifugation. The precipitate was dissolved in a mixture of hexane (30 mL), oleic acid
(0.05 mL), and oleylamine (0.05 mL). Next, centrifugation (6000 rpm; rotor radius = 13.7
cm, 10 min) was used for removal of any nondispersed material. Lastly, the product was
precipitated with ethanol, centrifuged (6000 rpm, 10 min) to remove the supernatant, and
then redispersed in hexane (2.9 wt %). A black-brown hexane dispersion of Fe3O4
nanoparticles was obtained.

Author Manuscript

Preparation of Silica-Coated Fe3O4 Nanoparticles (Fe3O4@SiO2)—The
Fe3O4@SiO2 nanoparticles were prepared from the synthesized Fe3O4 nanoparticles. In a
100 mL three-neck round-bottom flask, a solution of Fe3O4 nanoparticles (1 g, 3.2 wt %)
was added. To this solution, H2O (8 mL) and ethanol (32 mL) were also added under
nitrogen and vigorous stirring. Aqueous ammonium hydroxide (30 wt %) and 0.5 mL of
tetraethylorthosilicate (TEOS) were injected and the reaction was continued overnight.

Author Manuscript

Preparation of Azide-Functionalized Silica-Coated Fe3O4 Nanoparticles
(Azido-Fe3O4@SiO2)—A dispersion of Fe3O4@SiO2 nanoparticles (0.6 g) in toluene (10
mL) was bromofunctionalized using (3-bromopropyl)trichlorosilane. The nanoparticles were
then isolated with a permanent magnet (1.25 T) and redispersed in toluene twice. Following
a third isolation, the particles were redispersed in DMF, then NaN3 (0.4 g) and
tetrabutylammonium iodide (0.01 g) were added to the solution. This mixture was heated to
80 °C and was allowed 24 h to react while stirring. With a permanent magnet, the azidoFe3O4@SiO2 nanoparticles were isolated and redispersed in DMF, then again in toluene.

Author Manuscript

Synthesis of Mono-Alkyne Metalloporphyrin (ZnTPP)—A solution of commercially
available tetra(4-hydroxyphenyl) porphyrin 1 (340 mg, 0.5 mmol) in DMSO (60 mL) was
mixed with K2CO3 (560 mg, 4 mmol), and the reaction mixture was heated at 50 °C for 15
min under argon. Propargyl bromide (0.046 mL, 0.52 mmol) was then added and heating
was continued at 50 °C overnight. The mixture was allowed to cool to room temperature and
was then poured into 200 mL of brine. Crude product was extracted with ethyl acetate and
was dried over anhydrous Na2SO4. The solvent was evaporated under vacuum and the target
compound was isolated in a silica gel column, using ethyl acetate/ dichloromethane (30:70)
as the eluent. The product was dried under vacuum, with a final yield of 32% (114 mg, 0.16
mmol). UV–vis (acetone) λmax (ε/M−1 cm−1) 420 (467 600), 515 (46 800), 554 (19 500),
598 (12 100), 653 (9 200). 1H NMR (acetone-d6, 400 MHz): δ 8.93 (s, 6H, β-H), 8.83 (s,
2H, β-H), 8.02–8.06 (m, 8H), 7.26–7.28 (m, 8H), 4.93 (s, 2H, CH2), 3.19 (s, 1H, CH), −2.64
(s, 2H, NH). 13C NMR (CDCl3, 62.5 MHz): δ157.78, 157.49, 150.80, 150.75, 150.53,
136.92, 135.84, 135.66, 134.93, 131.90, 131.83, 131.60, 121.02, 120.94, 120.11, 114.25,
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113.83, 113.22, 79.50, 76.80, 56.15, 13.97. MALDITOF- MS m/z 717.182 [M + H] for
C47H32N4O4, calculated 717.251 [M + H].
To the above compound (114 mg, 0.16 mmol) dispersed in acetone, saturated Zn(OAc)2/
MeOH (5 mL) was added and mixed at room temperature for 24 h. The mixture was poured
into water (100 mL) and extracted with ethyl acetate. The organic layer was evaporated to
give a quantitative yield of 98%. UV–vis (acetone) λmax (ε/M−1 cm−1) 425 (467 900), 556
(11 500), 598 (8 100). 1H NMR (acetone-d6, 400 MHz): δ 8.93 (s, 6H, β-H), 8.88 (s, 2H, βH), 8.11 (d, J = 8.4, 2H), 8.03 (d, J = 8.12, 6H) 7.35 (d, J = 8.44,2H), 7.25 (d, J = 8.04, 6H),
5.02 (s, 2H, CH2), 3.21 (s, 1H, CH). MALDI-TOF-MS 778.188 [M] for C47H30N4O4Zn,
calculated 778.168 [M].

Author Manuscript
Author Manuscript

Synthesis of Magnetic Composite-bound Metalloporphyrins—Azidofunctionalized Fe3O4@SiO2 (0.05 g) was dispersed in dry toluene (10 mL) inside a threeneck round-bottom flask, which was connected to a condenser and nitrogen inlet. The
prepared dispersion was degassed for 10 min, and then a degassed solution of alkyneterminated Zn-porphyrin moiety (0.01 g) in toluene (10 mL) was added to the mixture. In a
different vial, CuBr (0.092 g) was weighed and dissolved in toluene (10 mL), and was
capped with a rubber septum. PMDETA (0.27 mL) was injected into the CuBr solution with
a syringe. After stirring and degassing this solution for 10 min, it was injected into a threeneck reaction vessel which contained the azido-functionalized Fe3O4@SiO2 composites and
alkyne-porphyrin moiety. First, this mixture was heated at 60 °C while stirring for 1 h, and
then heated at 40 °C for 24 h. Once the reaction mixture was cooled to room temperature,
the nanocomposite particles were recovered by magnet and centrifugation. To remove any
unreacted porphyrins, the particles were redispersed in toluene and recovered three more
times. After the final purification, the particles were dispersed in dichloromethane and
extracted with distilled H2O, then repeated with a solution of the sodium salt of EDTA, and
again with H2O to remove traces of copper. The composite-bound metalloporphyrins were
recovered with a magnet, centrifuged and redispersed in methanol three times.

Author Manuscript

Characterization Methods—All MALDI-TOF spectra were recorded on a Bruker
PROFLEX III MALDI-TOF mass spectrometer. Fourier transform infrared (FTIR) spectra
were collected using a Bruker Tensor 27 FT-IR spectrometer with a Pike Miracle singlebounce attenuated total reflectance (ATR) cell equipped with a ZnSe single crystal.
Thermogravimetric analysis (TGA) was conducted using a TA Instruments TGA Q50 under
nitrogen flow with a heating rate of 10 °C min−1. To monitor the surface composition of the
nanoparticles upon chemical modification, a Kratos Analytical Axis 165 X-ray
photoelectron spectrometer (XPS) with Al Kα X-ray radiation 1486.6 eV and 90° takeoff
angle. Particle size distribution analyses were conducted using a custom-built dynamic light
scattering (DLS) apparatus, equipped with a Coherent Innova 90 argon (400–800 nm; used
632.8 nm) laser. The device also has a Pacific Precision Instruments (Irvine, California)
wide-range photometer/preamplifier/discriminator which drives an ALV pulse shaper and is
responsible for feeding an ALV-5000 digital autocorrelator. The nanoparticles were
transferred into clean cells with 0.22 µm Durapore membrane filters (Millipore Co.). To
control the temperature, we used a circulating water bath at a setting of 25 ± 0.5 °C. Each
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sample was measured three times at several scattering angles with durations of 180 s. The
apparent hydrodynamic diameter, Dh, was determined by analyses of the averaged
correlation functions using one-exponential and third-order cumulant algorithms.

RESULTS AND DISCUSSION

Author Manuscript

Monodisperse Fe3O4 nanoparticles were synthesized using the thermal decomposition
method. The reaction of ferric acetylacetonate precursor, Fe-(acac)3, with surfactants at high
temperature produced stable nanoparticles, which were easily separated from reaction
byproducts. Phenyl ether was the chosen solvent because of its high boiling point (259 °C).
26
In a previous comparative study, the use of phenyl ether as the solvent typically resulted in
4 nm Fe3O4 nanoparticles, whereas benzyl ether (b.p., 298 °C) led to 6 nm Fe3O4. Although
this trend indicates that high reaction temperatures contribute to the production of larger
particles, monodispersity is only achieved when the reaction mixture is heated to 200 °C for
2 h prior to refluxing. Initiating reflux directly from room temperature broadens the particle
size distribution (4–15 nm). This phenomenon suggests the Fe3O4 nucleation and nuclei
27
growth process is slow under these reaction conditions.

Author Manuscript

The reducing agent, 1,2-hexadecanediol, reacted well with the Fe(acac)3 precursor to
produce Fe3O4 nanocrystals with narrow size distribution and sharp diffraction patterns.
However, these physical characteristics, as well as the final yield, tends to diminish when
long-chain monoalcohols (e.g., stearyl alcohol) are used as reductants. The combination of
oleic acid and oleylamine was also essential for high yields of particles. The presence of
these ligands enhances the solubility of complexes in organic solvents (e.g., hexane and
26
chloroform). In general, oleylamine stabilizes maghemite, γ-Fe2O3, nanocrystals via the
coordination of –NH2 with Fe3+ on the particle surface. Using only oleylamine in the
26 28
reaction provides a low yield of Fe3O4 nanoparticles. , In contrast, the exclusive use of
oleic acid in the reaction results in a viscous product that is difficult to purify and
characterize.
TEM images of monodisperse Fe3O4 nanoparticles prepared by thermal decomposition are
shown in Figure 1. Unlike particles made by coprecipitation methods, agglomeration can be
prevented due to the presence of surfactants at the interface. Also, the produced particles
have a narrow size-distribution and appear in a self-ordered arrangement. According to DLS
data, the average diameter of the Fe3O4 was 7.8 ± 1.3 nm. Magnetic materials of this size are
29
considered to be within the superparamagnetic regime (1–10 nm).

Author Manuscript

X-ray diffraction (XRD) is useful for acquiring information about the crystallinity of
nanoparticles. Figure 2 shows the XRD spectra which confirmed the synthesis of magnetite,
exhibiting patterns in agreement with those of standard Fe3O4 particles. The known standard
Fe3O4 diffraction patterns are indexed to (220), (311), (400), (422), (511), and (440) planes
of a cubic unit cell, corresponding to the reflections of the inverse spinel structure of
magnetite (JCPDS card no. 19-0629). It so happens that the standard XRD patterns of
magnetite and maghemite (γ-Fe2O3; JCPDS no. 39-1346) are practically identical.
Complementary techniques, such as X-ray photoelectron spectroscopy (XPS), were used to
reaffirm the XRD results.
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The superparamagnetism of the Fe3O4 nanocrystals was measured using a superconducting
quantum interference device (SQUID). In Figure 3, the hysteresis loop of the particles at
room temperature is shown. Characteristic of superparamagnetic nanocrystals, the Fe3O4
particles exhibited no hysteresis; the up and down scan signals appeared as a single curve,
showing remanence and coercivity were both zero. These properties are pertinent to the
magnetic response of the nanoparticles in applications which may require enhanced
recyclability and reuse.

Author Manuscript

The superparamagnetic Fe3O4 nanoparticles were coated with a layer of silica by
microemulsion synthesis, where reverse micelles were exploited as nanoreactors to control
the size and monodispersity of the core–shell particles (Scheme 1). These micellar
aggregates were composed of surfactants (Igepal CO-520) dispersed in cyclohexane, which
was important for compatibilizing oleic acid-stabilized Fe3O4 and aqueous ammonia.
Consequently, a shell of water forms along the interface of the Fe3O4–Igepal CO-520
30
composites. In these water regions of the reverse micelles, silica shells were formed on the
surface of the Fe3O4 nanoparticles by hydrolysis and polymerization of
tetraethylorthosilicate (TEOS).

Author Manuscript

In the microemulsion process, the ratio of Igepal CO-520 to NH4OH was used to control the
micelle size. This feature was essential for limiting the number of embedded Fe3O4 particles
strictly to one per micelle because what holds for the micelle does not necessarily hold for
the particle. The probability of encapsulating multiple magnetic cores in a single composite
increased as a function of silica shell thickness. In regards to the magnetization of Fe3O4
nanocrystals, their intrinsic properties are independent of shell thickness, and it is not
expected that their magnetic response will be reduced after coating them with silica.
However, magnetization is measured in units of emu/gram, so the total weight of silicacoated Fe3O4 particles versus the weight of bare Fe3O4 will yield measurements that appear
counterintuitive. Increasing the total mass of the particles after silica-coating without
increasing their magnetic moments will suggest a reduction in magnetization. No correction
for this effect was attempted. To demonstrate the magnetic response of the prepared
Fe3O4@SiO2 nanoparticles in the presence of an external field, we held a strong permanent
magnet next to the dispersion (Figure 4). The observed particle behavior confirmed the
magnetic properties of Fe3O4 after being coated with a layer of silica.

Author Manuscript

TEM images of the synthesized Fe3O4@SiO2 nanoparticles are shown in Figure 5.
According to the measured particle size, the prepared composites had a narrow size
distribution (20–25 nm). The average composite diameter was 23 ± 1.8 nm and the silica
shell thickness was ~6 nm. Although the silica shell was clearly visible in the TEM images,
it was also confirmed by the presence of a broad peak in XRD. The measured diffraction
peaks of the Fe3O4@SiO2 nanocomposites agreed with those of standard Fe3O4. However,
unlike the XRD pattern of bare Fe3O4, the spectrum of Fe3O4@SiO2 has a distinct broad
peak that indicates the presence of the silica shell (Figure 2).
Superparamagnetic Azido-Functionalized Fe3O4@SiO2 Nanoparticles
In the preparation of azido-functionalized silica-coated superparamagnetic iron oxide
nanoparticles (SPIONs), a series of surface modifications was performed (Scheme 2). Prior
ACS Appl Mater Interfaces. Author manuscript; available in PMC 2016 June 06.
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to functionalizing the Fe3O4@SiO2 particles with azide groups, the particles were bromofunctionalized via condensation of (3-bromopropyl)trichlorosilane onto the nanocomposites.
Bromo-functionalization of the particle surface was confirmed using XPS (Figure 6). In
combination with peaks corresponding to silica-coated Fe3O4 (i.e., Si 2s, Si 2p, C 1s, O1s,
and Fe 2p), the presence of bromine groups was indicated by a Br 3p peak at 188 eV and a
24
less intense Br 3d peak at 70 eV.

Author Manuscript

The bromo-functionalized nanoparticles were azido-functionalized via nucleophilic
substitution of the bromine groups using NaN3 in DMF. In this reaction,
tetrabutylammonium iodide was used as a catalyst. Following the reaction, XPS was used to
confirm the presence of azide groups on the particle surface. The disappearance of the Br 3d
peak and emergence of an N 1s peak at ~400 eV suggest the bromine/azide substitution
occurred (Figure 6A inset). However, the Br 3p peak was still slightly visible, which was
evidence that perhaps traces of bromine remained.
In an effort to resolve the XPS results, additional information was obtained from the FTIR
spectra of azide-functionalized Fe3O4@SiO2 versus unmodified Fe3O4@SiO2 nanoparticles
(see Figure 7). The characteristic absorption peaks at 441, 585, and 632 cm−1 are attributed
to the Fe–O structure. For the silica shell, absorption peaks corresponding to Si–O–Si
stretching, Si–OH stretching, Si–O bending, and Si–O–Si bending, are displayed at 1095,
31
945, 802, and 461 cm−1, respectively. The spectrum of the azide-functionalized
Fe3O4@SiO2 composites showed a distinct absorption peak at 2100 cm−1 corresponding to
the presence of azide groups. Further evidence of azide functionalization was revealed by the
disappearance of the Si–OH peak at 945 cm−1.
Alkyne-Functionalized Porphyrin

Author Manuscript

The synthesized alkyne-functionalized metalloporphyrins were specifically designed for
“click chemistry” conjugation to azide-groups (Scheme 3). The reaction involved the
monoalkylation of commercially available tetra(4-hydroxyphenyl) porphyrin 1 using K2CO3
as the base in DMSO, followed by o-alkylation with propargyl bromide. To limit the
formation of di-, tri-, and tetra-alkylated products, it was important to optimize the
stoichiometry of the reagents. This was done by using a 1:1 ratio for the reaction of a single
propargyl bromide group with each porphyrin molecule. The exact ratio of tetra(4hydroxyphenyl) porphyrin 1, K2CO3, and propargyl bromide was 1:8:1.04, respectively.
Silica-Coated Iron Oxide Bound Porphyrin Nano-composites

Author Manuscript

Attachment of the Zn-porphyrin derivatives to superparamagnetic composites was performed
by reacting azido-functionalized Fe3O4@SiO2 with alkyne-conjugated metalloporphyrins
using copper-catalyzed Huisgen 1,3-dipolar cycloaddition (“click”). CuBr/PMDETA
constituted the catalyst system, where PMDETA served as a ligand to increase the rate of
24
copper-catalyzed azide–alkyne cycloaddition in organic media. Once the reaction was
complete, the ZnTPP-conjugated nanoparticles were collected using a magnet and was
redispersed in methanol. This process was repeated several times to remove free unreacted
porphyrins from the solution. All traces of copper were removed via extraction using an
aqueous solution of the sodium salt of EDTA.
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In the case of free-base porphyrin species as the final targeted form, it is still important to
32
metalate the porphyrins prior to performing the click reaction. As seen in past studies, the
copper-catalyzed Huisgen 1,3-dipolar cycloaddition is extremely difficult with free-base
porphyrin derivatives, due to the insertion of copper inside the macrocycle core. This
phenomenon inherently occurs because free-base porphyrins are capable of binding to metal
ions to form metalloporphyrin complexes (e.g., heme and chlorophyll). By first metallating
the porphyrin, copper insertion then becomes inhibited, thus preventing catalyst
deactivation. Once the reaction is complete, the final click-conjugated free-base product can
be obtained via demetalation using TFA (see Scheme 4). This strategy has been shown to
greatly enhance the reactivity of porphyrin click chemistry, producing high yields.

Author Manuscript

To characterize the Fe3O4@SiO2-click-ZnTPP nanoparticles, a series of techniques was
used, which included TEM, TGA, FTIR, and XPS. High-resolution TEM images of the
composites are shown in Figure 8. Similar to the images of bare silica-coated Fe3O4, the
core and shell can clearly be identified by electron diffraction; the core is crystalline,
whereas the shell is amorphous (Supporting Information). The Fe3O4@SiO2-click-ZnTPP
nanocomposites appear to have a better defined shell, which may be due to the ZnTPP
attached to the surface. Also, according to the DLS results, the diameter of the click-reacted
particles is 32 ± 3 nm.

Author Manuscript

Figure 9 shows the TGA traces of each synthesized component of the nanocomposite before
and after coating and conjugation; the TGA curve of alkyne-metalloporphyrin is shown in
the inset. Two degradation stages were observed for the Fe3O4 nanoparticles, where the
initial mass loss observed at 210 °C is perhaps due to the removal of surface absorbed
33
components, including ethanol and free or weakly bound oleic acid. The second mass loss
34
between 310 and 550 °C corresponds to the loss of covalently bound oleic acid molecules.
In TGA traces of the silica-coated Fe3O4 particles, two distinct degradation stages were also
observed. Within the temperature range of 30 and 130 °C, the weight loss was attributed to
the removal of physisorbed and chemisorbed water, as well as any other residual solvent.
Further mass loss seen between 130 and 600 °C was attributed to dehydroxylation of surface
silanols, yielding siloxane groups and the removal of any unhydrolyzed ethoxy groups
originating from TEOS. Also, some of the mass loss that occurred between 200 and 400 °C
35
may have resulted from the burning off of residual surfactant. The TGA curve for the
silica-Fe3O4-click-metalloporphyrins exhibited weight loss between room temperature and
24 36
200 °C, due to water and unreacted azide groups. , This particular nanocomposite also
displayed the highest thermal stability and resistance to decomposition, which may be due to
the addition of inorganic materials on the particle surface.
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The Fe3O4@SiO2-click-ZnTPP nanoparticles were further analyzed using XPS (Figure 10).
As shown in Figure 10b, the combination of elemental peaks from both ZnTPP and
Fe3O4@SiO2 is clearly visible in the survey scan of the click-reacted composites. Highresolution scans of the N 1s region of free ZnTPP (Figure 10b) and the final ZnTPP-bound
magnetic particles (Figure 10e) showed two peaks. A single peak at 398.2 eV is expected,
indicating all four nitrogen atoms in the porphyrin ring are coordinated to the zinc atom.
However, the two nitrogen atom peaks at binding energies of 399.6 and 397.8 eV correspond
to protonated and deprotonated nitrogens, respectively; this is a characteristic feature of
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metal-free porphyrins. , In Figure 11, the Zn 2p spectra show the spin–orbit pair of the
2p3/2 component at 1021.5 eV, which indicates a reduction from the Zn2+ oxidative state
(1022.4 eV) to the neutral Zn0 state. These complementary results confirmed the loss of zinc
39
by the porphyrin macrocycle, perhaps due to grinding the sample during preparation.
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In Figure 12, the FTIR spectra of alkyne-ZnTPP and Fe3O4@SiO2-click-ZnTPP are shown.
The characteristic absorption bands of ZnTPP were observed for the pure alkyne-ZnTPP
compound, exhibiting peaks at 1356, 792, and 996 cm−1, which correspond to vibration of
C=N in the porphyrin macrocycle, the skeletal vibration of the porphyrin ring, and vibration
of N–Zn, respectively. Due to band overlap from the Fe3O4@SiO2 component, it is difficult
to discern some of these features in the IR spectra of the porhyrin-bound hybrid particles.
Relative to the IR spectra of azide-functionalized Fe3O4@SiO2 (Figure 7), though, the
absorption band of Fe3O4@SiO2-click-ZnTPP at 2100 cm−1 diminishes, indicating the
reaction of azide groups. Moreover, a new absorption band appears at 1597 cm−1, which is a
40
spectroscopic feature of the triazole unsaturations. These combined results confirmed the
covalent attachment of ZnTPP onto the surface of Fe3O4@SiO2.

CONCLUSIONS
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Metalloporphyrin-bound superparamagnetic, silica-coated Fe3O4 nanoparticles were
successfully prepared using click chemistry. The thermal decomposition method produced
monodisperse, oleic-acid stabilized Fe3O4 nanoparticles, which exhibit superparamagnetic
properties. This method can also be extended to the synthesis of other MFe2O4 nanoparticles
(i.e., M = Co, Ni, Mn, Mg, etc.) by simply adding a different metal acetylacetonate precursor
to the reaction mixture. The magnetic Fe3O4 nanoparticles were coated with silica in a
controlled fashion with the microemulsion synthesis, which produces monodisperse core–
shell nanoparticles. After azido-functionalization of the modified silica surface, the particles
were readily available for click chemistry via the reaction with zinc-complexed
metalloporphyrins which possessed an alkyne moiety. Such a versatile approach can be
extended to other photoreactive systems, such as phthalocyanines and borondipyrromethene, which may lead to new materials for optical, photonic, and biological
applications.
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Figure 1.

TEM images of a monolayer of Fe3O4 nanoparticles prepared via thermal decomposition.
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Figure 2.

XRD pattern of (black) Fe3O4 and (red) silica-coated Fe3O4 nanoparticles.
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Figure 3.

Hysteresis loop of Fe3O4 nanoparticles at room temperature. The magnetization (M) vs
applied field (H) of Fe3O4 shows no coercivity or magnetic remanence.
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Figure 4.

Demonstration of the magnetic response of the prepared Fe3O4@SiO2 nanocomposites in
the absence (left) and presence (right) of a strong permanent magnet.
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Figure 5.

TEM images of Fe3O4@SiO2 nanoparticles prepared using the microemulsion method.
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Figure 6.

XPS survey scans of (a) azide-functionalized Fe3O4@SiO2, (b) bromo-functionalized
Fe3O4@SiO2, and (c) Fe3O4@SiO2 nanocomposites; (a, inset) expanded region of the N 1s
peak at ~400 eV, indicating the presence of azide groups.
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Figure 7.

FTIR spectra of (a) Fe3O4@SiO2-azide and (b) Fe3O4@SiO2 nanoparticles. (a, inset)
Expanded region around 2100 cm−1, indicating the presence of azide groups on the particle
surface.
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Figure 8.

TEM image of silica-Fe3O4-click-ZnTPP nanoparticles.
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Figure 9.

TGA curves for (black) iron oxide (Fe3O4), (red) silica-coated Fe3O4, and (blue) silicaFe3O4-click-metalloporphyrin nanoparticles; (inset, green) shows the TGA curve of alkynemetalloporphyrin.
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Figure 10.
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(a) XPS survey scan of alkyne-ZnTPP. High-resolution scan ofN1s and C 1s peaks of (b, c)
alkyne-ZnTPP, respectively. (d) XPS survey scan of Fe3O4@SiO2-click-ZnTPP. Highresolution scan of N 1s and C 1s peaks of (e, f) Fe3O4@SiO2-click-ZnTPP, respectively.
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Figure 11.

High-resolution scan of Zn 2p peaks of (a) alkyne-ZnTPP and (b) silica-Fe3O4-click-ZnTPP
nanoparticles.
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Figure 12.

FTIR spectra of (a) alkyne-ZnTPP and (b) silica-Fe3O4-click- ZnTPP nanoparticles; (b,
inset) an expansion of the highlighted region in the spectrum of silica-Fe3O4-click-ZnTPP,
which indicates the reaction of azide groups and attachment of ZnTPP.
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Scheme 1.

Synthesis of Silica-Coated Fe3O4 Nanoparticles via the Microemulsion Procedure
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Schematic Representation of the Preparation and Azido-Functionalization of Fe3O4@SiO2
Nanoparticles
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Scheme 3.

Reaction Conditions for the Synthesis of Propargyl-Terminated Zn-Porphyrin
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Schematic Representation of Click Immobilization of Mono-Alkyne Metalloporphyrin onto
Azido-Functionalized Magnetic Silica-Coated Nanoparticles, Followed by Demetallation to
Obtain the Free-Base Porphyrin Conjugate
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